The key role of free hydrogen in the digestion of lignocellulose by wood-feeding lower termites and their symbiotic gut microbiota has been conceptually outlined in the past decades but remains to be quantitatively analyzed in situ. Using Reticulitermes santonensis, Zootermopsis nevadensis and Cryptotermes secundus, we determined metabolite fluxes involved in hydrogen turnover and the resulting distribution of H 2 in the microliter-sized gut. High-resolution hydrogen microsensor profiles revealed pronounced differences in hydrogen accumulation among the species (from o1 kPa to the saturation level). However, flux measurements indicated that the hydrogen pool was rapidly turned over in all termites, irrespective of the degree of accumulation. Microinjection of radiotracers into intact guts confirmed that reductive acetogenesis from CO 2 dominated hydrogen consumption, whereas methanogenesis played only a minor role. Only negligible amounts of H 2 were lost by emission, documenting an overall equilibrium between hydrogen production and consumption within the gut. Mathematical modeling revealed that production dominates in the gut lumen and consumption in the gut periphery for R. santonensis and Z. nevadensis, explaining the large accumulation of H 2 in these termites, whereas the moderate hydrogen accumulation in C. secundus indicated a more balanced radial distribution of the two processes. Daily hydrogen turnover rates were 9-33 m 3 H 2 per m 3 hindgut volume, corresponding to 22-26% of the respiratory activity of the termites. This makes H 2 the central free intermediate during lignocellulose degradation and the termite gut-with its high rates of reductive acetogenesis-the smallest and most efficient natural bioreactor currently known. The ISME Journal (2007) 1, 551-565; doi:10.1038/ismej.2007 
Introduction
Termites inhabit about two-thirds of Earth's terrestrial surface and play important roles in the global carbon cycle (Lee and Wood, 1971; Wood and Sands, 1978; Collins and Wood, 1984; Sanderson, 1996; Bignell and Eggleton, 2000) . Recently, wood-feeding termites received additional attention because lignocellulose degradation by their symbiotic gut microbiota presumably produces large amounts of hydrogen, an emerging 'clean' energy carrier (Dunn, 2002) .
Lignocellulose is the most abundant renewable resource of the biosphere. It consists mainly of cellulose and hemicelluloses, both of which are degraded with high efficiency during gut passage by the termite (65-99%, reviewed in Breznak and Brune, 1994) . Although termites secrete their own cellulases and hemicellulases into foregut and midgut (Inoue et al., 1997; Watanabe and Tokuda, 2001; Tokuda et al., 2004 Tokuda et al., , 2005 , it is generally accepted that most of the polysaccharide degradation in lower termites occurs in the enlarged hindgut (Inoue et al., 1997; Tokuda et al., 2005) , a bioreactorlike compartment with increased retention time and tightly packed with microorganisms (Breznak and Brune, 1994; Brune, 1998) .
In lower termites, the hindgut microbiota comprises flagellate protozoa, which are considered the primary agents of lignocellulose degradation, and a great variety of prokaryotes, whose particular function is often unknown (Breznak, 2000; Brune and Stingl, 2005; Brugerolle and Radek, 2006; Brune, 2006) . About 70 years ago, Robert E Hungate was the first to realize that H 2 , CO 2 , and acetate are the main degradation products formed by the large cellulolytic protozoa (Hungate, 1939 (Hungate, , 1943 that occupy the bulk of the hindgut volume of all lower termites (reviewed by Brune and Stingl, 2005) . In vitro studies on Trichomitopsis termopsidis and Trichonympha sphaerica added support for Hungate's observations (Yamin, 1980 (Yamin, , 1981 Odelson and Breznak, 1985) , but owing to the difficulties in cultivating termite gut protozoa, there are no metabolic studies on any other flagellate species. Hydrogen production from maltose has been shown also for the termite gut spirochete Treponema azotonutricium , but the significance of prokaryotes as hydrogen source is not clear.
In contrast, the role of prokaryotes as a hydrogen sink is well established. Diluted gut homogenates of various lower termites showed high potential rates of reductive acetogenesis from H 2 and CO 2 , whereas hydrogenotrophic methanogenesis was less pronounced (Breznak and Switzer, 1986; Brauman et al., 1992) . This was consistent with the hypothesis that the termite hindgut functions as a homoacetogenic fermentor, with acetate being the major energy source of the termite (Odelson and Breznak, 1983) . In this context, it was assumed that the fermentation is a syntrophic process, where the H 2 produced by the protozoa is subsequently consumed by homoacetogens (Breznak, 1994) .
With the introduction of in situ methods to termite gut research, which allowed determination of substrate gradients and metabolite fluxes while maintaining the integrity of the microliter-sized gut environment, a more detailed picture of the degradation process in the hindgut became apparent. Oxygen microsensor measurements revealed that the hindgut is a gradient system composed of an anoxic gut center and a microoxic periphery (Brune et al., 1995; Brune, 1998) . This has implications on the metabolism occurring in these different regions, as shown by microinjection of radiolabeled metabolites into the hindgut of Reticulitermes flavipes (Tholen and Brune, 2000) . In particular, lactate was identified as a relevant intermediate that is apparently degraded by propionigenic bacteria located in the microoxic periphery-a finding that demonstrates that the gut metabolism is more complex than merely catalyzing a strictly homoacetogenic fermentation. In addition, the first hydrogen microsensor measurements with R. flavipes (Ebert and Brune, 1997) revealed that the hydrogen partial pressure is not in a range where it would allow syntrophic interactions (o0.1 kPa; Schink, 1997) , but accumulates to high concentrations in the gut center.
Thus, the gut metabolism continues to require examination-our concept of it, further development to a robust quantitative model. In this study, we analyzed hydrogen turnover and the resulting intestinal distribution of H 2 using an in situ approach. Since it was not possible to label the hydrogen pool directly, we determined the rates of hydrogenconsuming processes by microinjection of 14 C-labeled substrates. Subsequently, the spatial distribution of net hydrogen production within the hindgut was analyzed by mathematical modeling. To cover a broad taxonomic range of lower termites, we studied Reticulitermes santonensis, Zootermopsis nevadensis and Cryptotermes secundus, representatives of the three families (Rhinotermitidae, Termopsidae and Kalotermitidae) with the highest number of species (Kambhampati and Eggleton, 2000) .
Materials and methods
Termites R. santonensis was collected in the Forêt de la Coubre, near Royan, France. Z. nevadensis stemmed from the Los Padres National Forest in California, USA. C. secundus stemmed from a mangrove forest near Darwin, Australia. All termites were maintained on a diet of pine wood (Pinus silvestris for R. santonensis and Z. nevadensis, Pinus radiata for C. secundus). The species identity of the termites was confirmed by partial sequencing of their cox2 gene (Pester and Brune, 2006) .
Hindgut dimensions were determined with freshly dissected guts immersed in a drop of insect Ringer's solution (Brune et al., 1995) , using a dissecting microscope equipped with a calibrated eyepiece reticle. Gut volumes were estimated by approximation to simple geometrical shapes.
Microelectrode measurements Design and characteristics of polarographic H 2 microelectrodes and redox microelectrodes used in this study were as described by Ebert and Brune (1997) . H 2 microelectrodes were calibrated using deionized water continuously flushed with airhydrogen mixtures of different hydrogen partial pressures (P H2 in kPa: 0.0; 4.9; 9.4; 13.5; 100.0) and gave a linear response from 0 to 100 kPa H 2 . The lower detection limit is 0.1 kPa H 2 . Air-hydrogen mixtures were produced from synthetic air (purity X99.999 vol%) and H 2 (purity X99.999 vol%) using digital mass flow controllers (Bronkhorst, Reinach, Switzerland) and were subsequently introduced directly into the calibration chamber (Ebert and Brune, 1997) . Redox microelectrodes were calibrated using quinhydrone dissolved to saturation in commercial pH calibration solutions (pH 4.0-7.0). For the measurements, termite guts were dissected and embedded fully extended in agarose-solidified insect Ringer's solution (Brune et al., 1995) .
Gas emission from termites Gas emission from living termites was analyzed using an experimental setup as described previously (Schmitt-Wagner and Brune, 1999) , except that sample volumes were 200 ml. Emission rates were corrected for the dilution effects caused by the sampling procedure and for the basal concentration of the respective gas in the headspace of the incubation vial at the onset of the experiment. H 2 was measured by gas chromatography using a packed column (Mol Sieve 5A, 80/100 mesh; 70 cm Â 6.35 mm) and a reduction gas detector (RGD2, Trace Analytical, CA, USA). The injector temperature was room temperature, the column temperature was 901C and the temperature of the HgO bed was 2801C. The carrier gas was synthetic air with a flow rate of 20 ml min -1 . The lower detection limit was 0.04 ppmv H 2 .
CH 4 was measured by gas chromatography using a packed column (Mol Sieve 5A, 80/100 mesh; 30 m Â 0.32 mm) and a flame ionization detector. The injector and column temperatures were 1001C, and the detector temperature was 1401C. The carrier gas was helium with a flow rate of 20 ml min -1 . CO 2 was measured by gas chromatography using a packed column (Porapack Q column, 80/100 mesh; 274 cm Â 3.18 mm) and a methanizer coupled to a flame ionization detector. The column temperature was 801C; the carrier gas was 100% hydrogen with a flow rate of 21.5 ml min -1 . Samples were directly injected onto the column.
For all gas measurements, the system was routinely calibrated with certified standards (H 2 and CH 4 : 2, 50, 1000 ppmv; CO 2 : 500, 1000, 2000 ppmv), always resulting in a linear response. All calibration gases were from Messer, Sulzbach, Germany.
Metabolite pools
Volatile fatty acids and ethanol were measured by gas chromatography using an FFAP column (25 m Â 0.32 mm Â 0.5 mm; J&W Scientific, Folsom, CA, USA) and a flame ionization detector; the injector and detector temperatures were 2401C. Initially, the column temperature was 801C for 1 min, then increased to 1201C at 201C min -1 , 2051C at 6.11C min -1 , and then was maintained at 2051C for 2 min. The carrier gas was nitrogen with a flow rate of 2 ml min -1 . Samples were prepared as described in Tholen and Brune (2000) .
For other fermentation products, guts were homogenized in 90 ml ice-cold Millipore water and centrifuged (10 min, 20 000 g, 41C). The supernatant was acidified with an H 2 SO 4 solution (2 ml, 5 M) and then centrifuged; the supernatant was analyzed by high-performance liquid chromatography (HPLC) on a Grom Resin ZH column (250 Â 8 mm i.d., Grom, Rottenburg, Germany) at 601C, using a mobile phase of 5 mM H 2 SO 4 (0.6 ml min -1 ) and a refractive index detector.
For determination of the total CO 2 pool (CO 2 (aq), H 2 CO 3 , HCO 3 -and CO 3 2-), hindguts were homogenized in 10 mM NaOH (70 ml) and centrifuged as described above. The supernatant was analyzed by flow injection as described by Hall and Aller (1992) .
Carbon flow measurements
Metabolite fluxes were measured by microinjection of 14 C-labeled compounds as described by Brune and Pester (2005) . Briefly, 50-100 nl of 14 C-labeled compound was injected into dissected hindguts embedded in agarose-solidified insect Ringer's solution. To ensure correct rate determinations, the pool sizes of the respective substrates in embedded hindguts were determined at the time point of injection. The increase in pool sizes by the injected label was 1-7% in the case of CO 2 , 4-30% in the case of lactate and 40% in the case of formate. The turnover of the injected compound and the formation of its products were monitored over time by HPLC (see above) and online radioactivity detection (Ramona 2000, Raytest, Straubenhardt, Germany). Radiolabeled CO 2 was separated by flow injection and measured by liquid scintillation counting or, in the case of 14 C-carbonate injection, determined from the total recovery of radioactivity minus the sum of radioactivity in the other metabolites. Recovery of total radioactivity in the samples was measured by liquid scintillation counting.
Rates of substrate turnover and product formation were determined using the label dilution model, which is briefly described in the following. The turnover rate of injected compounds (R S ) was calculated using the following equations:
where X S is the radioactivity in the substrate pool, X 0 the radioactivity of the injected substrate at the time of injection, m is the turnover rate constant, N is the substrate pool and t is the time. The formation rate of products (R P ) was calculated using
where A 0 is the specific radioactivity of the substrate pool at the time of injection. To ensure exact rate determinations, N and the respiratory CO 2 emission were determined separately for each batch of termites. Radiochemicals with the following specific and volume activities were used: Na 2 14 CO 3 , 1. ; Gertz and Loeschcke, 1954 ) and a porosity (f) of 0.5, which takes into account that termite hindguts are tightly packed with protozoa filled to approximately 50% with ingested wood particles. Similar porosities have been determined for densely packed biofilms (Revsbech, 1989) .
Hydrogen emission rates of embedded guts were calculated from the hydrogen concentration profiles in the surrounding agarose, using a diffusion model for systems with circular symmetry (Koch, 1990) , D of H 2 in water and f ¼ 1, which was found applicable for agar concentrations up to 2% and over a wide range of salinity values (Revsbech, 1989) .
Results

Characteristics of model termites
Reticulitermes santonensis was the smallest of the termites studied, followed by Cryptotermes secundus and Zootermopsis nevadensis, as indicated by their fresh weight and the volume of their hindgut, which takes up the major part of the abdomen (Table 1 ). All three termites showed a low apparent redox potential in the center of the hindgut (Table 1) , which was previously shown to correlate with anoxia (Ebert and Brune, 1997) . The metabolite pools in the hindgut consisted of typical fermentation products from carbohydrates, and the overall composition was similar in all three termite species, with acetate and CO 2 being the major metabolites ( Table 2 ). The CO 2 emission rate of all three termite species was in the same range when normalized to the respective fresh weight (Table 1 ). The respiratory electron flow was calculated from the CO 2 emission rates (assuming the average oxidation state of wood polysaccharides to be 0; Odelson and Breznak, 1983) , corrected for the H 2 and CH 4 emission rates of the same termites (see below).
Hydrogen accumulation and emission
Hydrogen microsensor measurements revealed pronounced differences in hydrogen partial pressure in the hindguts of the three species. The highest values were obtained for the large Z. nevadensis, often nearing saturation at the center of the hindgut paunch, the gut region with the largest diameter (Table 1) . Also in the paunch of R. santonensis, the smallest of the three termites, H 2 accumulated to substantial amounts, whereas hydrogen partial pressures in the paunch of the slightly larger C. secundus were much lower and averaged 1 kPa. Axial profiles documented that H 2 accumulated mainly in the enlarged hindgut paunch of all three termite species, whereas the relatively narrow and tubular-like midgut and-with the exception of the large Z. nevadensis-also the colon and rectum showed little or no accumulation of H 2 (Figure 1 ). Radial profiles through the paunch of R. santonensis and Z. nevadensis showed a bell-shaped distribution of H 2 with the maximum concentration in the center of the paunch, and a decrease towards the gut wall ( Figure 1 ). Similarly shaped profiles were obtained also for C. secundus, but profiles were much more asymmetric and less reproducible than with the other species.
These results were in agreement with the emission of H 2 from living termites, which was only detected for R. santonensis and Z. nevadensis (Table 3 ). In both termite species, however, hydrogen emission accounted for less than 0.1% of the respiratory electron flow. Similar results were obtained in previous studies with other lower termites (Ebert and Brune, 1997; Nunes et al., 1997) . When the headspace over R. santonensis and Z. nevadensis was exchanged with N 2 , hydrogen emission increased immediately, albeit only slightly when compared to the respiratory electron flow (Figure 2 ).
Methanogenesis
Methane emission was detected only for R. santonensis and Z. nevadensis (Table 3) . This is in agreement with the lack of coenzyme F 420 -autofluorescent cells in hindgut preparations of C. secundus, which indicated the absence of methanogenic archaea. In R. santonensis, autofluorescent cells were located exclusively at the microoxic hindgut wall, patchily distributed in microcolonies, which is in agreement with previous reports on Reticulitermes Values were rounded to the nearest factor of 10.
Hydrogen metabolism in termite guts M Pester and A Brune flavipes (Leadbetter and Breznak, 1996) . Two morphotypes were distinguishable: rod-shaped cells of 1 mm length, resembling Methanobrevibacter cuticularis (Leadbetter and Breznak, 1996) , and coccoid cells of 0.2 mm in diameter. In Z. nevadensis, the situation was completely different and resembled that previously described for Zootermopsis angusticollis (Lee et al., 1987; Messer and Lee, 1989) . Here, autofluorescent cells were located mainly within the cytoplasm of the gut flagellates Trichomitopsis termopsidis, Hexamastix termopsidis and Tricercomitus termopsidis. Only occasionally were autofluorescent cells detected also at the hindgut wall, but at much lower densities than in R. santonensis.
Since methane is not oxidized in termites (Pester et al., 2007) , methanogenesis in the hindgut is equal to the methane emission rate of the termite, constituting about 4% of the respiratory electron flow in both R. santonensis and Z. nevadensis (Table 3) . Supplementation of H 2 to the atmosphere surrounding the termites led to a fivefold stimulation of methane emission in R. santonensis (Figure 2) , which indicated that the methanogens at the hindgut wall are hydrogen-limited. In Z. nevadensis, this effect was much less pronounced, probably because the protozoa-associated methanogens in this termite are located in a gut region with higher hydrogen concentrations. In agreement with microscopy observations, C. secundus did not emit any CH 4 also in an atmosphere supplemented with H 2 (Figure 2 ).
Acetogenesis from CO 2
Microinjection of 14 C-labeled carbonate into intact termite hindguts was used to follow the fate of total CO 2 (sum of CO 2 (aq), H 2 CO 3 , HCO 3 -and CO 3 2-). The injected label (1-7% of the pool size) did not substantially increase the CO 2 pool of the hindgut. In all three termite species, acetate was the only product detected (Figure 3) . The depletion rate of labeled CO 2 and formation rate of labeled acetate decreased over time, reflecting the continuous decrease in the specific radioactivity (radioactivity per molarity) of the CO 2 pool. The data were in agreement with the label dilution model (Brune and Pester, 2005) . Resulting rates of acetogenesis from CO 2 (Table 3) corresponded to 18% (77%) and 22% (73%) of the respiratory electron flow in Hydrogen metabolism in termite guts M Pester and A Brune R. santonensis and Z. nevadensis, and 26% (74%) in C. secundus. In all termite species, the turnover rate of CO 2 was higher than the formation rate of acetate, which is mainly due to the inevitable diffusion of CO 2 from the gut into the surrounding agarose. An additional, albeit minor CO 2 -consuming process in R. santonensis and Z. nevadensis is methanogenesis (see above).
Lactate and formate turnover Injection of labeled lactate into hindguts of R. santonensis resulted in substrate depletion and product formation curves that again corresponded well to the label dilution model (Figure 4) . Twothirds of the carbon atoms of lactate were recovered as acetate, whereas the remaining carbon atoms were detected in the CO 2 pool (Table 4) , which indicated that lactate is converted to acetate and CO 2 in an equimolar ratio. Lactate turnover corresponded to 10% of the respiratory electron flow.
Injection of labeled lactate into hindguts of C. secundus produced similar results (Figure 4) . Although the depletion rate of labeled lactate and the formation rates of the labeled products (acetate and CO 2 ) were lower than in R. santonensis, lactate turnover rates (11% of the respiratory electron flow) were similar in the two termite species. This is due to the larger lactate pool in C. secundus (Table 2 ). The recovery of labeled carbon in the acetate pool (55% of the injected label) and a low recovery of label in the CO 2 pool (10% of the injected label), together with a similar gap in the total recovery of radioactivity, indicated the loss of a gaseous product, probably additional CO 2 (Table 4) .
Since H 2 accumulated only to moderate amounts in the hindgut of C. secundus, we tested formate as an alternative substrate of reductive acetogenesis. Upon injection into hindguts, labeled formate was rapidly turned over to acetate and CO 2 (Figure 4) . Although the label entering the acetate pool behaved as predicted by the label dilution model, this was not the case for formate. The divergence from the model was even more pronounced in the case of the CO 2 pool, where the label was stable throughout the incubation period. The criteria of the model are apparently not fulfilled, possibly because of pool compartmentation and/or non-steady-state conditions. To minimize artifacts and remain as close as possible to in vivo conditions, we used only the first time interval (2 min after injection) for the calculations. During this time, 30% of the formate label was recovered in the acetate pool and 50% was recovered in the CO 2 pool, documenting that at least half of the formate was oxidized to CO 2 . The total formate turnover rate corresponded to 5% of the respiratory electron flow. Calculated from data in Figure 3 ; based on the CO 2 pool of embedded hindguts of the particular batch of termites at the time point of injection (R. santonensis, 8.4 nmol; Z. nevadensis, 120 nmol; C. secundus, 14.0 nmol) and the assumption that both carbon atoms of the acetate molecule stem from CO 2 (Breznak and Switzer, 1986 
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The proportion of label in the methyl and carbonyl groups of acetate is uncertain. Theoretically, formate label enters the methyl branch of reductive acetogenesis, where it is reduced, yielding the methyl group of acetate. In addition, the formate label is oxidized to CO 2 . Any label in the CO 2 pool may subsequently enter the carbonyl branch of reductive acetogenesis, where it is reduced, yielding the carbonyl group of acetate (Drake et al., 2006) . For the calculation of the highest possible acetate formation rates from formate, we assumed that all formate label is present in the methyl group of acetate, resulting in a ratio of one formate used per acetate formed. The respective carbon fluxes are given in Table 4 . Actual rates of acetogenesis from formate will be lower, since formate label contributed also to the CO 2 pool. As a consequence, an uncertain amount of label will inevitably end up in the carbonyl group of acetate, resulting in more than one formate used per acetate formed.
Radial distribution of net hydrogen production
We addressed the reason for the bell-shaped distribution of hydrogen in the hindgut by mathematical modeling. Regression analysis revealed that the distribution of hydrogen concentration c over the gut radius r is best approximated by a fourth-order parabola:
Viewing the hindgut as a cylinder allows the situation to be reduced to a two-dimensional circular system with radius r and length l (Koch, Figure 3 Time course of label distribution of total CO 2 and acetate after microinjection of 14 C-carbonate into the paunch of agaroseembedded guts of Reticulitermes santonensis, Zootermopsis nevadensis, and Cryptotermes secundus. Each value represents an injection into a separate gut. Expected time curves of substrate depletion (dotted line) and product formation (solid line) were plotted with the measured values.
Figure 4 Time course of label distribution of different metabolites after microinjection of [U-
14 C]lactate and 14 C-formate into the paunch of agarose-embedded guts of Reticulitermes santonensis and Cryptotermes secundus. Each value represents an injection into a separate gut. Expected time curves of substrate depletion (dotted line) and product formation (solid line) were plotted with the measured values. Brune 1990 ). This cylinder was partitioned into infinitely many radial sections with a surface area A, which increases as a function of r (equation (5)). Using Fick's first law of diffusion (equation (6)) and substituting dc/dr with the first derivative of equation (4), the diffusion flux J at a given diffusion coefficient (D) and porosity f can be determined for every radial section (equation (7)
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The slope of the hydrogen concentration curve (Figure 1 ) documents the diffusion flux changes over the gut radius. Flux changes (dJ/dr) can be described by extending Fick's second law of diffusion by the inclusion of a production (P) and a consumption (C) term (Revsbech and Jørgensen, 1986) . Excluding a net flux along the length axis of the gut allows this equation to be used in its onedimensional form. dJ dr
At steady state, the concentration in any radial section does not change over time (dc/dt ¼ 0). It follows that the difference of hydrogen flux into and out of any cylindrical layer of the thickness dr is equal to the difference of hydrogen production (P) and hydrogen consumption (C) in that same layer. The resulting net hydrogen production rate (R) is positive if that layer is a hydrogen source and negative if that layer is a hydrogen sink:
Normalizing to the volume, the volume-specific net hydrogen production rate R V in a cylindrical layer of any definite thickness (with outer radius r m and inner radius r n ) can be calculated:
The distribution of R and R V over the gut radius was determined using the hydrogen profiles obtained for the individual termite species (Figure 1) . In R. santonensis, R continuously increased with the gut radius in the central gut region, which correlates with the increasing volume of the cylindrical sections ( Figure 5a ). Toward the gut periphery, R decreased again until it eventually became negative in the gut periphery. A similar situation was observed for Z. nevadensis, although the absolute values of R were higher owing to the larger gut radius of this termite (Figure 5a ). In contrast to R, the volume-corrected rates (R V ) were relatively constant in the gut center (Figure 5b ). R V was significantly higher in R. santonensis (55-131 nmol H 2 h -1 mm -3 , n ¼ 3) than in Z. nevadensis (22-27 nmol H 2 h -1 mm -3 , n ¼ 2), which indicated that the higher hydrogen concentrations in the gut of Z. nevadensis are merely a consequence of the larger gut radius. For both termites, R V decreased continuously towards the gut periphery.
The experimental data for C. secundus could not be fitted by a regression curve according to equation (4), because the distribution of H 2 was never completely symmetric. Nevertheless, the principles laid out above apply also for C. secundus. The much lower hydrogen concentrations throughout the gut signify that dJ/dr (equations (7 and 8)) and therefore also R and R V were much smaller over the gut radius in C. secundus when compared to the similar-sized R. santonensis. It follows that differences in the rates of hydrogen production and hydrogen consumption were much smaller throughout the gut. Figure 5 documents that the sum of R of the individual layers is not balanced over the gut. This discrepancy is in agreement with the hydrogen emission rates from embedded guts (6-14 nmol h -1 for R. santonensis and 32-34 nmol h -1 for Z. nevadensis), which are considerably higher than those of the living termite (0.2 and 2.4 nmol h -1 , respectively). Possible explanations may be that the embedded gut is oxygen limited or that the wallassociated microbiota was damaged by the embedding procedure. Moreover, the rates for R and R V may differ slightly from the actual rates because values for D and f were not determined experimentally (for details, see Materials and methods). Figure 4 ; based on the lactate pool (R. santonensis, 0.2 nmol; C. secundus, 1.9 nmol) and formate pool (C. secundus, 0.8 nmol) of embedded hindguts of the particular batch of termites at the time point of injection. The CO 2 emission rate of this termite batch was above average ( Data from Tholen and Brune (2000) obtained for R. flavipes, a species synonymous to R. santonensis (Austin et al., 2005) . Rates were calculated using only data points obtained within the first 2 min after injection.
e Assuming that only the methyl group stemmed from formate.
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Discussion
Over the course of several decades, the concept of molecular hydrogen as a key intermediate of lignocellulose degradation in lower termites has developed to an entirely plausible and generally accepted hypothesis (reviewed by Breznak, 1994 Breznak, , 2000 Brune, 2006) . However, measurements of hydrogen gradients and metabolite fluxes in intact guts of Reticulitermes flavipes (Ebert and Brune, 1997; Tholen and Brune, 2000) had indicated that several important issues remained to be addressed: a reliable estimation of hydrogen turnover with respect to other relevant processes, the explanation of its radial dynamics, and clarification whether the concept is generally applicable to lower termites.
Processes involved in hydrogen turnover
In all lower termites investigated to date, only a small fraction of reducing equivalents released during lignocellulose degradation escapes the system directly by H 2 emission (Odelson and Breznak, 1983; Ebert and Brune, 1997; Nunes et al., 1997; Sugimoto et al., 1998 ; this study), indicating that most of the H 2 produced is also consumed within the hindgut. Even if one takes into account that methanogenesis in termite guts is completely hydrogen driven, as suggested by the results of numerous studies (Breznak and Switzer, 1986; Leadbetter and Breznak, 1996; Leadbetter et al., 1998; Ohkuma et al., 1999; Shinzato et al., 1999; Tokura et al., 2000) , methanogenesis constitutes only a minor hydrogen sink (Odelson and Breznak, 1983; Brauman et al., 1992, this study) . By contrast, the in situ flux measurements obtained in this study document that CO 2 -reductive acetogenesis is the dominant hydrogen sink in the termite species investigated. This is the final experimental proof of John Breznak's hypothesis that CO 2 -reductive acetogenesis is the major hydrogen sink at least in lower termites, as postulated previously on the basis of a large data set of potential rates determined in gut homogenates (Breznak and Switzer, 1986; Brauman et al., 1992) and the high hydrogen emission rate of Reticulitermes flavipes Figure 5 Typical distribution of the net hydrogen production rate R (a) and the volume-specific net hydrogen production rate R V (b) over the gut radius of the small R. santonensis and the large Z. nevadensis. Rates were determined for cylindrical gut layers of 30 mm thickness, which corresponds to the diameter of the Trichonympha cells (30-40 mm) that make up the bulk of the hindgut volume in R. santonensis. Negative values of R and R V are depicted in white.
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The in situ rates of reductive acetogenesis obtained in this study by microinjection of 14 Ccarbonate are similar to the potential rates of hydrogen-dependent reductive acetogenesis obtained previously in gut homogenates of the same termite species (4-12 mmol C (g termite fresh weight)
-1 h -1 ; Pester and Brune, 2006) . The potential contribution of formate and lactate to reductive acetogenesis was only minor (see below), making H 2 the most important electron donor of reductive acetogenesis. Surprisingly, reductive acetogenesis was the dominant hydrogen sink not only in R. santonensis and Z. nevadensis, the species with high intestinal hydrogen concentrations, but also in C. secundus, which accumulated H 2 only to moderate amounts. Evidently, the hydrogen pool is subject to a high turnover in all three species, irrespective of the degree of hydrogen accumulation.
The hydrogen turnover rates reported in this study are based on the assumption that reductive acetogenesis is completely hydrogen-driven. In principle, electron donors other than H 2 may contribute to reductive acetogenesis from CO 2 . The prime candidates are lactate and formate, which are readily turned over in the hindgut of Reticulitermes flavipes (Tholen and Brune, 2000) and are known to be used by homoacetogens (Drake et al., 2006) . To address this possibility, we compared lactate and formate turnover in R. santonensis and C. secundus, the two termite species with a similar size but completely different degrees of hydrogen accumulation.
In the hydrogen-accumulating R. santonensis, lactate was converted into acetate and CO 2 at an equimolar ratio, clearly showing the absence of a complete homoacetogenic turnover. The same was observed with R. flavipes previously (Tholen and Brune, 2000) , a species considered synonymous to R. santonensis (Austin et al., 2005) . Similar results were also obtained with C. secundus, the termite species that accumulated only moderate amounts of H 2 . Even if one assumes that lactate is converted by two separate processes, that is, aerobic oxidation to CO 2 and homoacetogenesis, the reduction of CO 2 by intermediately formed reducing equivalents would not surpass 2% of the respiratory electron flow in both termites. Moreover, results obtained with R. flavipes indicate that not homoacetogenic but rather propionigenic bacteria are responsible for lactate turnover (Tholen and Brune, 2000) .
Formate metabolism differs considerably between the two species. In R. flavipes, injected formate is oxidized exclusively to CO 2 , which accumulates over time (Tholen and Brune, 2000) . In C. secundus, however, one-third of the injected formate label appeared in the acetate pool already 2 min after injection, indicating a direct contribution of formate to reductive acetogenesis. It is puzzling why the formate label entering the CO 2 pool remained constant over time; this may indicate the presence of a second, possibly intracellular, CO 2 pool that is turned over faster than it can exchange with the large CO 2 pool of the whole hindgut. It is not clear whether the reducing equivalents of formate oxidation are used for reductive acetogenesis, oxygen reduction or other processes. In any case, maximal contribution of these reducing equivalents to the respiratory electron flow would be 2-5% (Tholen and Brune, 2000;  this study), which makes their possible contribution to reductive acetogenesis small.
Additional potential substrates that might drive reductive acetogenesis from CO 2 are carbohydrates resulting from cellulose and hemicellulose hydrolysis. Although the large population of anaerobic protozoa, which form the bulk of the biovolume in the hindgut of lower termites, are considered the major agents of polysaccharide degradation (Breznak, 2000; Brune and Stingl, 2005) , cellobiose, glucose and xylose have been identified as potential substrates of termite gut homoacetogens (Breznak, 1994; . However, it is not clear whether (or to which extent) monomeric or oligomeric hydrolysis products are released by the protozoa and subsequently fermented by homoacetogens. Moreover, a substantial contribution of sugar-fermenting homoacetogens to intestinal hydrogen pools seems unlikely in view of the fact that even in the case of C. secundus, the hydrogen concentrations in the gut center were on average more than one order of magnitude higher than the accumulation of free H 2 during homoacetogenic conversion of sugars by termite gut homoacetogens (490À830 ppmv H 2 ; Cord-Ruwisch et al., 1988; and at least 2À3 times higher when compared to hydrogen thresholds of homoacetogens in general (362-4660 ppmv H 2 ; Drake et al., 2006) .
Flux analysis of hydrogen metabolism
We compiled the results of the individual experiments for a balance analysis of hydrogen-producing and hydrogen-consuming processes (Figure 6 ). The model assumes that wood polysaccharides are fermented either to lactate (Tholen and Brune, 2000) or to acetate, CO 2 and H 2 (Odelson and Breznak, 1983 ) (equation (11)), with formate being equivalent to CO 2 þ H 2 .
In the hydrogen-accumulating R. santonensis, the lactate turnover rate contributed 10% to the respiratory electron flow. Presumably, lactate was subsequently oxidized to acetate and CO 2 in the microoxic periphery of the hindgut, with the electrons being transferred to molecular oxygen (Tholen and Brune, 2000) . This leaves 90% of the polysaccharides to be fermented, according to equation (11), with the influx into the hydrogen pool (28% of the respiratory electron flow) diminished by the formation of formate. This estimated influx was slightly higher than the efflux from the hydrogen pool (22% of the respiratory electron flow), which is the sum of reductive acetogenesis, methanogenesis and hydrogen emission. In Z. nevadensis, which also accumulates H 2 to high concentrations, the sum of the hydrogen-consuming processes resulted in a similar efflux rate (26% of the respiratory electron flow). Also in C. secundus, the termite that accumulates only moderate amounts of H 2 , 11% of the respiratory electron flow proceeded through lactate, which was probably oxidized in the microoxic gut periphery as well. This leaves 89% of the electrons in the remaining polysaccharides to be converted to acetate, H 2 and formate. Although the respiratory electron flow through formate was considerably higher, the estimated influx into the hydrogen pool (25% of the respiratory electron flow) was in the same range as in R. santonensis. The efflux rate, which was equal to the rate of reductive acetogenesis in C. secundus, was slightly higher (26% of the respiratory electron flow) than the estimated influx rate, which indicates that at least part of the reducing equivalents from formate were used in reductive acetogenesis.
The slight imbalances observed between the influx and efflux of the hydrogen pool are actually not unexpected. It is likely that some of the H 2 is used in oxygen reduction (Leadbetter and Breznak, 1996; Boga and Brune, 2003; Seedorf et al., 2004) . In addition, the model does not account for alternative fermentation pathways, for example, malate and succinate formation, or for the direct uptake of polysaccharide monomers in the midgut. Also, a contribution of sulfatereducing bacteria to hydrogen turnover cannot be ruled out, especially since Desulfovibrio spp have been repeatedly isolated from the termite hindgut (Brauman et al., 1990; Trinkerl et al., 1990; Kuhnigk et al., 1996; Frö hlich et al., 1999) . However, molecular studies using cloning and terminal restriction fragment length polymorphism (T-RFLP) analysis of 16S rRNA genes suggest very low population densities of this metabolic group in Figure 6 Proposed model of hydrogen metabolism in Reticulitermes santonensis and Cryptotermes secundus. Values stem from turnover experiments of CO 2 , formate, and lactate and emission rates of H 2 and CH 4 (Tables 3 and 4) and are based on the respiratory electron flow, calculated from the respiratory CO 2 formation (assuming the average oxidation state of wood polysaccharides to be zero; Odelson and Breznak, 1983) and the H 2 and CH 4 emission of the termites. The fluxes determined by direct measurements are given in bold. The oxygen status of the gut periphery was determined by Brune et al. (1995) .
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Reticulitermes spp (Hongoh et al., 2003; Yang et al., 2005) . In addition, potential rates of sulfate reduction in gut homogenates of Mastotermes darwiniensis suggest a hydrogen turnover of o0.1% of the respiratory electron flow even when termites were fed a sulfate-enriched diet (calculated from data in Sugimoto et al., 1998 and Drö ge et al., 2005) .
It should be noted that, in contrast to this study, previous studies on C. secundus have reported methane emissions that were in the range of those reported for R. santonensis and Z. nevadensis when normalized to the fresh weight of the termite (Sugimoto et al., 1998; Pester et al., 2007) . Interestingly, methane formation by C. secundus was accompanied by hydrogen emission (Sugimoto et al., 1998) . Absence and presence of methane emission among different populations of the same species have been reported also for other termites (Sugimoto et al., 1998) .
The results of the electron balance analysis corroborate the hypothesis that termite gut protozoa ferment wood polysaccharides to acetate, CO 2 , and H 2 according to equation (11) (Hungate, 1943; Yamin, 1980 Yamin, , 1981 Odelson and Breznak, 1985) . This means that up to 4 mol of H 2 are produced from one hexose equivalent against a high hydrogen partial pressure. Since H 2 is the only reduced fermentation product, one-half of the produced H 2 presumably originates from pyruvate oxidation via the pyruvate:ferredoxin oxidoreductase (E 0 0 ¼ -0.40 V), a reaction that is readily coupled to hydrogenase-mediated reduction of protons to H 2 (E 0 0 ¼ -0.41 V). The other half of the reducing equivalents presumably originates from the oxidation of glyceraldehyde 3-phosphate (GAP) to glycerate 1,3-bisphosphate (BPGA) during glycolysis. The redox potential of the BPGA/GAP þ P i couple is more positive (E 0 0 ¼ -0.35 V) than the redox potential of the two H þ /H 2 couple (E 0 0 ¼ -0.41 V), which makes the reduction of protons to H 2 , with reducing equivalents from GAP thermodynamically unfavorable at hydrogen partial pressures 40.1 kPa (Schink, 1997) . A similar situation occurs in the termite gut spirochete T. azotonutricium . The observed hydrogen formation from unfavorable electron donors may be driven by reverse electron transport via a membrane-bound NADH:ferredoxin oxidoreductase (Boiangiu et al., 2005) , or directly by a modified complex I, as proposed for hydrogenosomes of Trichomonas vaginalis (Dyall et al., 2004) . Complex I is proposed to be related to energyconverting hydrogenases (Hedderich and Forzi, 2005) .
Species-specific differences in hydrogen accumulation
It is now evident that differences in hydrogen accumulation in the termites investigated are not due to differences in intestinal hydrogen fluxes. Rather, the explanation for this apparent discrepancy may be in the spatial distribution of hydrogen-producing and hydrogen-consuming processes. Mathematical modeling indicated dynamic changes in gross hydrogen production and hydrogen consumption over the gut radius in R. santonensis and Z. nevadensis, the two termite species that accumulated high amounts of H 2 . Hydrogen production dominated in the gut lumen and hydrogen consumption in the gut periphery, and higher hydrogen concentrations in Z. nevandensis were merely due to the larger gut radius and not higher hydrogen production rates per unit volume. In C. secundus, the distribution of production and consumption followed the same pattern, but in contrast to the other two termites, the rates of both processes are more balanced throughout the gut, resulting only in a moderate accumulation of H 2 .
It is generally assumed that the flagellate protozoa are the major producers of H 2 in the hindgut of lower termites (Hungate, 1943; Odelson and Breznak, 1983; Breznak, 2000; Brune, 2006) , with a potential bacterial contribution being possible . Homoacetogenic spirochetes are generally considered the major H 2 consumers (Leadbetter et al., 1999; Salmassi and Leadbetter, 2003; Pester and Brune, 2006; Ottesen et al., 2006) . Since the protozoa in the hindgut are tightly packed, the residual volume available to the spirochetes, which are either surface-attached or free-swimming, is the small gap between the protozoan surfaces. Because protozoa in C. secundus are considerably smaller than in R. santonensis and Z. nevadensis, the surface-to-volume ratio is much larger, which means that the gut may harbor less hydrogen producers and more hydrogen consumers per unit volume.
The hydrogen emission of embedded guts of R. santonensis and Z. nevadensis was approximately 30-to 50-fold higher than that of living termites, which indicates that the in situ conditions in agaroseembedded guts do not completely resemble the conditions in vivo. This is also reflected in the metabolite pools, which were smaller in embedded guts than in vivo. One explanation for the increased hydrogen emission would be a decreased hydrogen consumption in the periphery of embedded guts. This could be simply caused by damaging of the wall-associated microbiota owing to the embedding procedure. In addition, hydrogen-oxidizing processes in the gut periphery may be oxygen-limited due to the agarose layer, which should represent a larger diffusion barrier than the thin, highly tracheated epithelial tissue. Higher rates of hydrogen oxidation in vivo than in embedded guts would result in lower H 2 concentrations at the gut wall and, as a consequence, also at the gut center. This issue is further complicated by the spiracular control of tracheal gas exchange, which is present in many insects and has been recently documented also for termites (Lighton and Ottesen, 2005 and references therein). Cyclic partial closing and opening of the spiracles would not only affect hydrogen-oxidizing processes by controlling O 2 influx into the gut, but also alter the diffusion barrier for H 2 efflux, leading to fluctuating hydrogen concentrations in the hindgut.
